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ABSTRACT
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The ternary system titanium-zirconium-boron was investigated
from 1000°C to 3245°C, the melting temperature of zirconium diboride. The
equilibria which exist have been datermined except for the boron-rich equi-
libria which have been estimated. The following notable features were found:
minimum melting occurs in the titanium rich corner of the ternary; a four-
phase reaction involving p-metal phase, monoboride, diboride, and liquid
occurs at a temperature slightly higher than the minimum melting) zirconium
exchanges with titanium in titanium monoboride to about 9 At.% zirconium;
and the metal diborides form a continuous series of solid solutions. No ternary
compounds were found. The techniques used in the investigation were X-ray
analysis, melting point determination, and metallographic examination. Lattice
parameter plots of the pseudo-binary systems ZrB,-NbB,, ZrB,-TaB,, and
HfB,-NbB, indicate that in each of these systems the diborides form a continuous
series of solid solutions. Melting point temperatures for these systems have
been determined.
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I. INTRODUCTION AND SUMMARY

A. INTRODUCTION

The purpose of this investigation was to determine the nature
of the equilibria which exist in the ternary system titanium-zirconium-boron
from 1000°C to the melting point of zirconium diboride. This investigation
is part of a larger program initiated by the United States Air Force in this
laboratory for the investigation of phase equilibria in selected ternary systems

containing transition metals, boron, carbon, and silicon.

This system is of interest because of the oxidation resistance of the
diborides and because of their refractoriness. The poor thermal shock character-
istics of the diborides lead to the consideration of the diborides in a composite
structure, such as metal plus the metal diboride.This is to overcome the
thermal shock problems while taking advantage of the oxidation resistance and
the refractoriness of the diborides. To this end,the high temperature equilibria
of the titanium and zirconium diborides with their elemental constituents have

been investigated,
B. SUMMARY

1. Titanium -Zirconium-Boron

a. The Hexagonal (C-32) Diboride Phase (§)

Titanium diboride (a = 3.025 &, ¢ = 3.226 &)
and zirconium diboride (a = 3,167 8.. c = 3,530 S.) form a continuous series of
solid solutions. The lattice parameters very nearly follow Vegard's law.

The melting points of the diboride alloys were investigated (Figure 25).



b. The Orthorhombic (B-27) Monoboride Phase (y)
The maximum exchange of zirconium for titanium
in titanium monoboride is approximately 9 At.%. The lattice parameters of
titanium diboride are; a = 6.14 8, b=3.06 &, c=4.578.
3
c. The High Temperature B.C.C. {(A-2) (B) Metal
Phase

The high temperature § phase of the metal solid
solution was partially retained by rapid cooling from 1400°C in several metal-
rich ternarv samples. A lattice parameter of the sample Ti-Zr-B: 45-45-10
measured 3.46 & . Solubility of boron in the individual metals is slight and is

assumed to be slight in the ternary.
d. Class II Four-Phase Equilibria at 1450°C

The four-phase reaction at 1450°C is represented
by the reaction equation

Liquid + MeB -ss ) _'r_s_l_gg__c_) Metal-ss (3) + MeB-ss (v)

fr>T1350°C

The isotherm at 1450°C shows the four-phase reaction. Another four-phase
reaction occurs in the metal-rich region at lower temperatures,but this reaction

occurs well below 1000°C and was beyond the limits of this investigation.

(1) Class II Four-Phase Equilibrium at 2020°C

Another four-phase reaction must occur in
this system somewhere in the temperature range 2000°C to 2080°C. This reac-
tion was not investigated. It is indicated in the space model (Figure 1) at 2020°C.
The equaticn for the reaction is presumed to be

Liquid + MeB, (5) ——=2222Cy zr, () + Boron

T 2020°C
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e. Limiting Tie-Line

Because of the initial melting in the ternary at
the minimum melting temperature of the eutectic trough, a minimum tie-line
exists. With decreasing temperature, the two three-phase regions which result

from the presence of the liquid in the ternary, merge into a limiting tie-line.

This is shown in Figure 22.
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Figure 2. Scheil-Schultz Diagram for the Systerm Titanium-
Zirconium-Boron.




f. Space Model for the System Titanium-Zirconium-

Boron

The space model for this system has been con-
structed as is shown in Figure 1. In order to facilitate use of the diagram, a
Scheil-Schultz diagram and an isopleth at 20 At.% boron have also been incluaed

for this system in Figures 2 and 3.

1800

—
~
[=]
[=]

1600

TEMPERA TUREPC

1500

MeB+Me+MeB,
0 20 20 50 80 100
TiBg 25 MOLE % ZrB, ,,—* ZrBy 25

Figure 3. Ti-Zr-B:Isopleth Across 20 Atomic Percent Boron

2. Pseudo-Binaries ZrBz-Nsz, ZrBz-Nsz, and HfBz-Nsz

The results of this investigation confirm the formation
of a continuous series of solid solutions in (Zr,Nb)Bz, (Zr.Ta)Bz, and (Hf, Nb)Bz .

Lattice parameter plots and melting point plots are given (Figures 41-46),
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II. LITERATURE REVIEW

A. BOUNDARY SYSTEMS

1. Titanium-Zirconium Binary

The titanium-zirconium binary system was investigated
by Hayes, Roberson, and Paasche(z). whose work was, in large part, the

basis for the equilibrium diagram given by Hansen(3) and shown in Figure 4.

T T T T )
1800 i
120°
1700 K / -
1600 =
1500 | -
1400
1300 | .
1200
(5]
< noo g -
Z 1000
< *
§ g 900 |82 865
700 |- -
T~ V
500 |- . -
{ ! | \
70 20 30 40 50 60 70 80 90 100
Ti ATOMIC % Zr zr

Figure 4. Phase Diagram Titanium-Zirconium.

(Hansen, Constitution of Binary Alloys, 1958)

As shown in the diagram, both the a and pphases of the metal are completely

miscible. The a-p transformation and melting curves both have a minimum

in this system.




2. Metal-Boron Binaries

Both the titanium-boron and the zirconium-boron binaries

have recently been investigated in this laboratory by E. Rudy and St. Windisch
and are described in previously issued documentary reports“' 5). The phase

diagrams for these systems are shown in Figures 5 and 6.

2080 + 20° ) ~2100°
98

TEMPERATURE,®C

| TiB,

1000 |—— g 4 15°

830° | I i 1 1 1
20 40 60 80 100

T ATOMIC % BORON

Figure 5. Phase Diagram Titanium-Boron.

B. TITANIUM-ZIRCONIUM-BORON TERNARY SYSTEM

Titanium diboride and zirconium diboride form a continuous

(6,7.8,9, 10). The lattice parameters vary nearly

(7,9, 10)'

series of solid solutions

linearly between those of the binary compounds Some work has been

(9

done on establishment of the melting points*’’. Microhardness, resistivity,

and corrosion properties of the ternary diboride alloys have also been
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Figure 6. Phase Diagram Zirconium-Boron

d(lo).

in the literature on the ternary system.

investigate Other than the diboride solid solution, no work was found

C. THE PSEUDO-BINARIES ZrBz-Nsz. ZrB,-TaB,, a.;xd HfBz-Nsz

The formation of continuous series of solid solutions in the
pseudo-binaries ZrB,-NbB, and ZrB,-TaB, has been experimentally established
by B. Post, F.W. Glaser. and D. Moskovvltz( ), who concluded from considera-
tions of atom sizes that HfBz-Nsz also forms a continuous series of solid solu-

tions.




1I. EXPERIMENTAL PROGRAM

A. EXPERIMENTAL PROCEDURES

1. Starting Materials

All alloys investiga.t'éd were made from combinations
of diboride powders prepared here in our laboratory and from elemental powders.
Titanium powder was obtained from Var-Lac-Oid Chemical Company, New
York, and had the following impurities (in weight percent); C-0.13, H-0.15, -
N-0,00%, Fe-0.05, and C1-0.12. The powder was sized to less than 65
micrometers. i :
Zirconium metal powder of pa.rticl!e size less than
74 micrometers was-’purcha.sed from Wah Chang Company, Albany, Oregon,
and had the following impurities (ir ppm): Al-55, B-0.2,'C-90, Cb-<)00,
Cd -<0.2, Co-<5, Cry97, Cu-<25, Fe-470, H-700, Hf-75, Mg-<10, Mn-<10.
N-220, Ni-20, O-1350, Pb-<5, Sn-175, Ta-<200, Ti-25, V-5, and W-<25,

Boron powder sized between 174 and 44 micrometers
was purchased from United Mineral and Chemical Corp., New York. The
boron powder had the following impurities (in welght percent): Fe-0.6, Si-0.1,
CI-O. 1,: and other-0,1,

The preparations of the titanium diboride and zirconium

diboride powders are described in previous reports(4' 5). Carbon analysis of
the zirconium diboride powder showed it to contain 0.016 percent carbon by

weight. -

The samples of the ZrB,-NbB,, ZrBz-TaBz. and
HfBz-Nsz pseudo-binary systems were made from diboride powcers prepared
here in our laboratory in the same manner asthe titanium and

zirconium diborides mentioned above. The hafnium diboride
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contained 67.6 At.% boron (and 0.011 Wt.% carbon); the niobium diboride
contained 68.8 At.% boron (and 0,088 Wt.% carbon); the zirconium diboride
contained 65.2 At.% boron {(and 1.358 Wt.% carbon); and the tantalum diboride
contained 72 At.% boron (and 0.053 Wt.% carbon).

2. Alloy Preparation and Heat Treatment

‘

All alloys investigated were hot-pressed; the carbide
surface layer was ground off to reduce the possibility of contamination. Most
samples were then melted in the Pirani furnace as described in a
previous report (“); additionally, a few sample compositions for the solid-
state section were duplicated without melting in the Pirani furnace as
a check on possible composition shifts. Samples for the solid state
investigation were heat-treated for 100 hours at 1400°C under vacuum
(2x 1078 Torr). Many of the samples were halved before heat-treating
with one half being arc-melted. Both halves were heat-treated. The
samples were rapidly cooled by introducing helium into the furnace
immediately after shutting off the power. In spite of the long heat-treat-
ment, samples in the ternary system near (Ti, Zr)B did not attain
equilibrium due to the slowness of the diffusion limited peritectic reac-

tion,

3. Melting Points

Melting point determination techniques and tempera-
ture corrections associated with the technique have been previouslyl
described(”). All samples were melted in a helium atmosphere of
20 psi after a short degassing treatment at 1200 - 1500°C., T#mperature
measurements were made with a disappearing filament-type pyrometer
calibrated against a National Bureau of Standards certified standard
lamp. Approximately 40 samples in the ternary system were melted

(see Table 2).

10
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Figure 7. Composition of Alloys Studied Metallographically.

4. Metallography

Approximately 50 samples o 34 various canpositias (Figure 7)
were studied metallographically, although same were the same alloys with different heat

treatments. The samples were mounted in a diallyl-phthalate-lucite-copper

11




powder such as to provide a conductive path to the sample for electroetching.
After mounting, the samples were coarse ground on silicon carbide papers
with grit sizes bet ween 120 and 600. Final polishing was done with a slurry of
0.3 micrometer alumina and a 5% solution of chromic acid on nylon cloth. The

samples were electroetched ina 0.5% oxalic acid solution.

5. X-Ray Analysis

Debye-Scherrer powder diffraction patterns using CuK(1
radiation were made of all samples after their heat-treatment. The structures
of all binary phases were known so that indexing of the patterns was no problem.
Many of the films were not usable for determining lattice parameters due to
non-equilibrium conditions in the samples. The a-p transformation in the metal
phase tended to render some of the films useless for lattice parameter measure-
ment since the diffraction lines were quite broad and very diffuse. The use of
cover films helped reduce the amount of film darkening due to self-fluorescence

caused by the titanium,
Iv. RESULTS

A. LOW- "EMPERATURE EQUILIBRIA - - THE SOLID STATE
SECTION AT 1400°C

The solid state section at 1400°C (Figure 9) was determined by
studying the X-ray films and by metallography of 31 samples which had been
heat-treated at 1400°C for 100 hours. Most of the samples were pieces of
larger samples that had been used in melting point determinations, although
several samples of 50 At.% boron on the titanium-rich side were hot pressed
and only arc-melted prior to the heat-treatment. Figure 8 shows the composi-

tional location of these samples.

12
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Samples of composition (all compositions designated in the
following manner are in atomic percent) Ti-Zr-B: 79-13-8, 60-31-9,
50-20-30, and 60-10-30 were two-phased, metal and metal monoboride (see for
example Figure 10) the large dark grains in Figure 10, are primary metal mono-

boride in a metal-metal monoboride eutectic. Figure 11 shows the

Figure 10. Primary Monoboride and Monoboride-Metal X100
Eutectic. Ti-Zr-B: 60-10-30.

metallography of a sample whose composition Ti-Zr-B: 79-13-8 is very near
the eutectic trough (See Figure 21). This sample is two-phased, metal mono-

boride and metal.

On the zirconium-rich side, samples of composition Ti-Zr-B:
40-50-10, 21-68-11, 20-50-30, and 10-60-30 were found to be two-phased, metal
and metal diboride (e.g.Figures 12 and 13). Again, one of these was of a composi-
tion very near the eutectic trough (see Figure 14). Samples of composition
Ti-Zr-B: 40-30-30, 35-15-50, 30-20-50, 25-25-50, and 22-25-53 were found

to be three-phased (Figures 15, 16, and 17): metal, monoboride, and diboride,

14




Figure 1l1. Micrograph of Ti-Zr-B (79-13-8) Alloy X300
Near the Metal-Metal Monoboride Eutectic
Trough.

Figure 12. Micrograph of an Arc-Melted Ti-Zr-B X500
(20-50-30) Alloy.

Diboride Grains and Diboride-Metal Eutectic in
Metal Matrix.
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Figure 13. Micrograph of an Arc-Melted, Ti-Zr-B X150

(10-60-30) Alloy.

Diboride Grains and Diboride-Metal Eutectic in the
Metal Matrix.
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Figure l4. Micrograph of Ti-Zr-B (21-68-11) Alloy. X250

Diboride-Metal Eutectic.
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Figure 15. Micrograph of Ti-Zr-B (40-30-30) Alloy. X

Diboride (Light Colored Grains) and Monoboride
(Dark Grains) in Metal Matrix.

Figure 16. Micrograph of Ti-Zr-B (25-25-50), Alloy. X300

Diboride and Monoboride in Metal Matrix.




Figure 17. Micrograph of an Arc-Melted Ti-Zr-B (22-25-53) X425
Alloy.

Diboride and Monoboride in Metal Matrix.

although the latter two samples had very small quantities of the metal mono-
boride phase present. Samples at 45-5-50 and 40-10-50 (Figure 18) were
also three-phased, but this was due to non-equilibrium conditions arising
from their heat-treatment. In these samples,large macroscopic grains of
diboride are in equilibrium with the liquid at temperatures above 2200°C,

and when these samples are cooled, the peritectic reaction occurs forming
the monoboride around the diboride grains, thus shutting off the diboride grain
from the surrounding liquid (and at lower temperatures, metal) phase. Thus,
the peritectic reaction is diffusion limited and proceeds very slowly at tem-
peratures below the solidus. When the past heat-treatment history of the
sample was such as to form only small diboride grains, the samples at these
compositions show little or ro diboride phase present. Figure 15 shows
clearly the peritectic reaction just described. Other samples near in compo-
sition to titanium diboride were studied, and the following results obtained.

X -ray films of samples of composition Ti-Zr-B: 50-0-50, 48-2-50, 46-4-50,

45-5-50, 44-6-50, 42-8-50, 40-10-50, 38-12-50, and 35-15-50 were examined,




and the monoboride phase showed changing lattice parameters for the first

six samples and constant lattice parameters for the last three samples. Due

to non-equilibrium conditions in the samples, the X-ray films were not actually
measured and lattice parameters calculated from the measurements, but rather
the 6 values for a few front lines on the films (since the back lines were extremely
faint and diffuse) were compared. The result of these evaluations is that the
maximum zirconium exchange in titanium monoboride was found to be 9 At.%

zirconium {(+ 1 At.%).

Figure 18. Micrograph of Ti-Zr-B (40-10-50) Alloy X130

For the solid state section, five ternary diboride samples
were prepared, melted, and then heat-treated with the rest of the samples at
1400°C for 100 hours. The X-ray films of these samples were measured, and
lattice parameters were calculated and plotted (Figure 19, which also shows
the lattice parameters measured by other investigators). The lattice param-
eters of the diboride solid solution very closely follow Vegard's law, The
samples were of composition Ti-Zr-B: 28-5-67, 23-10-67, 18-15-67, 13-20-67,
and 8-25-67. The X-ray films showed no other phases to be present, but under

metallographic examination, although all samples appeared to be nearly single
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phased, small quantities of metal and monoboride phases were found in the
grain boundaries (Figure 20). This is undoubtedly due to the extremely
narrow range of homogeneity. The 68 values of the 212 line of the diffraction

patterns of all the samples containing sufficient quantity of diboride to give intense

enough diboride lines on an X-ray film were compared, and yielded the following
results;: Samples in the three-phased region (i.e., samples whose metallography
showed three phases, and whose lattice parameters did not vary with varying
composition) contained a diboride of composition very near Ti-Zr-B: 7-27-66,
while samples in the two-phased region, monoboride, and diboride, contained

titanium richer diborides; samples in the two-phased region, diboride and metal,

: contained zirconium-richer diborides.
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Figure 19. Lattice Farameters of Ternary Diboride Alloys
Equilibrated at 1400°C.
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The compositions of the three phases in equilibrium with
each other at 1400°C have thus been found to be: metal phase at Ti-Zr-B: 51-
51-48-1, monoboride at 41-9-50, and diboride at 7-27-66
(Figure 9). The greatest uncertainty is in the composition of the metal phase
which was determined from the composition of the other two phases and the
metallography; hence, the composition l1ic3 between 59-40-1 and 44-55-1,
leaving a possible uncertainty in composition of + 8 At.%. The uncertainty
of the compositions of the monoboride and the diboride phases is estimated
+ 1 At.% and + 2 At.% respectively.

Figure 20. Micrograph of Ti-Zr-B (28-5-67) Alloy. X850

Diboride Grains with Metal in Grain Boundaries

Comparison of diboride lattice parameters in the two-phased
regions, metal and diboride, and monoboride and diboride, were also used to
estimate tie lines in these regions. The tie lines in the two-phase region,
metal and monoboride, were not nearly so well established since both the metal
and the monoboride lines were diffuse because non-equilibrium conditions pre-

vailed in the samples in this region.
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B. HIGH-TEMPERATURE EQUILIBRIA

Minimum melting occurs in the ternary (Figures 21 and22).
Ten samples were prepared with cor.positions very near where the eutectic
trough was expected to lie, Since a minimum occurs in the solidus curve
of the metal binary at about 34 At.% zirconium, ternary samples were pre-
pared with more samples near this binary composition. The results of the
incipient melting point determinations of these samples are shown in Figure
21, Metallographic investigation of these samples was performed (Figures

11, 14) and the results are shown in Figure 21
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Figure 21, Melting Points and Position of Metal-Rich Eutectic Trough.
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A four -phase reaction occurs at 1450°C (Figure 23). The com-
positions of the four phases participating in the four-phase reaction (Table 1)
were estimated with the aid of the 1400°C section and the plot of melting points
along the eutectic trough (Figures 8, 21)., With increasing temperature, a
Class II four -phase reaction results (Figure 23) from the merging of the adjacent
three-phase fields L+ B + v, and 3 + v +6:

Liquid + MeB,-ss (8) =1220"C5 Metal-ss (B) + MeB-ss (v)
2

TEII0T

Table 1. Composition of the Phases Participating in the
: Four-Phase Reaction at 1450°C.

Phase g§ncentr;t:ons, A;.r
B-Ti, Zr (B) 50 49 1
(Ti, Zr)B (y) 41 9 50
(Ti, Zr)B, (5) 7 27 66
Liquid 52 37 11

With increasing temperature the two three-phase fields L + 7 +6 and L + B+8
and vanish into the appropriate binaries. One can see by examination of the
three -phase field at 1400°C and the melting points along the eutectic trough, that
the four-phase reaction will occur at a temperature very slightly in excess of
the minimum melting temperature (i.e., less than five degrees) of the eutectic

trough,

The results of the melting point investigations are listed in
Table 2, From these data, as well as from the binary diagrams, the solidus
and to a lesser degree the liquidus surfaces were determined. The results are
made more useful in the form of a plot of liquidus projections in Figure 24, In
some instances, melting points observed in samples near the titanium monoboride
region were too low due to incomplete reaction of the starting components. There-
fore, the melting point of the starting materials disguised the true melting tem-

peratures.
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Figure 22. Isothermal Section at 1445°C.

$+B s
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Figure 23. Isotherm at 1450°C.
[Four -Phase Reaction Plane (L+ &6 = B + 7v)]
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Zr

r
Figure 24. Plot of Liquidus Projections.

The formation of a continuous series of solid solutions of the
(titanium, zirconium) diborides has been established by other investiga%én?’ss’ o 10),
and no significant departures from their results were found in this investiga-
tion. Nine ternary samples approximately in the 66 At.% boron range were
melted in the Pirani melting point furnace. They were selectively heat-treated
and studied by X-ray and metallographic techniques. A very slight deviation
from Vegard's law is seen (Figure 19). The melting points are plotted in
Figure 25. An example of the metallography (Figure 20 shows nearly single
phase diboride grains. Actually, many of the samples showed small amounts of
other phases in the grain boundaries. This is indicative of the narrow range

of homogeneity, which makes the accurate determination of melting point tem-

peratures very difficult.
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Figure 25, Observed Melting Temperatures of Ternary
Diboride Alloys.

The results of the melting point determinations of samples
in the diboride series of solid solutions were somewhat disappointing. Great
experimental difficulty was experienced when melting these samples, The
major problem is the narrow range of homogeneity mentioned above. Slight
shifts in composition or small inhomogeneities in the sample cause the observ-
able incipient melting temperature to be lower (even by hundreds of degrees)
than that of the true dib¢ ‘e solid solution. The melting point determina-
tions were also made more difficult by the appearance of smoke upon heating

and by the formation of tiny crystals on the surface of the specimen.
Figures 26 through 40 depict the isothermal sections of the

Ti-Zr-C system in the temperature range 1400° to 3225°C. Three of these

figures appeared earlier in the text.
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Isothermal Section at 1400°C.
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B-Zr
Figure 27. Isothermal Section at 1445°C.
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1445°C + AT,
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Figure 28. Isothermal Section at 1445°C + AT.

30

PR S S




TiB, zrB,
/
Y-8 ? 1450°C
/
/
TiB /
I}
/
Y \ ,
\ /
\ /
\ /
\ ]
\ !
\ /
/
v /
\ !
L+ \ g
\/
By
A
L / \ B ‘ 8
\
\
LB \ B
B- Ti s " /

Figure 29. Isothermal Section at 1450°C.
[Four-Phase Reaction (L +6 = B +7)]

/8

ZrB

1450°C + aT,

Figure 30. Isothermal Section at 1450°C + AT,.
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Figure 31. Isothermal Section at 1580°C.
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Figure 32. Isothermal Section at 1620°C.
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Figure 34.

Isothermal Section at 1725°C.
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Figure 35.

Isothermal Section at 2000°C.
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Figure 36. Isotkermal section at 2020°C.

[Four-Phase Reaction (L +6 = ¢ + B)], Estimated.
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Figure 37. Isothermal Section at 2040°C.
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Figure 38.

Isothermal Section at 2100°C.

37

SRR e




Figure 39.

Isothermal Section at 2300°C.
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Figure 40. Isothermal Section at 3225°C.

C. INVESTIGATION OF THE MELTING TEMPERATURES OF
THE SOLID SOLUTIONS (Zr, Nb)Bz. (Zr, Ta)B,, and (Hf, Nb)Bz.

Three pseudo-i)inaries ZrBz-Nsz. ZrBz—TaBz, and HfBz-Nsz
were investigated. Plots of the lattice parameters (Figures 41, 43, and 45)
confirm the formation of solid sclutions in each of the pseudo-binaries studied,
The melting point curve of each of the diboride pseudo-binaries varied smoothly
between the respective diborides showing no minimum or maximum along the
solid solution (Figures 42, 44 and 46),

After melting same samples showed appreciable quantities o unreacted
starting materials still present in their Debye-Scherrer powder films. The lattice
parameters of such samples were deleted from the lattice parameter plots.

Othsr samples (only in the HfBz-Nsz pseudo-binary) showed lesser, but not
negligible, quantities of unreacted start ing materials. These samples have
been plotted in Figure 45 with a triangle at the datum point,
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Figure 42. Melting Point Temperatures of Pseudo-Binary ZrB,-NbB,.
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Figure 44. Melting Point Temperatures of Pseudo-Binary ZrBz-TaBZ.
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Figure 46. Melting Point Temperatures of Pseudo-Binary HfB -NbB,.

42

r

L T

==




-—w

The end points in the lattice parameter plots (lattice param-
eters of the binary diborides) were taken from previous ixlx'(:stigations(4' 13}
by Rudy and Windisch. It should be noted that the lattice parameters of TaB,
and NbBZ show an appreciable variation; this is due to their wide range of
homogeneity in their binary systems. Micrographs of representative samples

are shown in Figures 47, 48, and 49.

The lattice parameters and melting points of (Zr,Nb)B, require
no comments except that the melting points are lower than the suggested
maximum solidus; the reasons for this are the same as those for the ('I‘in)Bz
diborides (see page 28). Slight positive deviation from Vegard's law may be
noted in the 'c' values, but the 'a' values essentially vary linearly with compo-

sition.

Figure 47. Metallography of ZrB -NbB,: 60-40 Mole %.

Cracked (Zr, Nb)B, Grains with Minute Traces of the Metal
Phase at Grain Boundaries. (Polarized Light).
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In the pseudo-binary ZrBZ—Ta.BZ, one can see the expected
temperature lowering of the observed incipient melting from that of the sug-
gested maximum solidus on the ZrB, side of the melting point plot (Figure 44).
This, of course, is due to the extremely narrow range of homogeneity of
Zx‘Bz as mentioned several times before. The lattice parameters in this

pseudo-binary system essentially follow Vegard's law,

The pseudo-binary HiBZ—NbB, requires no further comment
than the previously noted fact that some unreacted starting material remained

in some samples (whose data points are triangles in Figure 45).

Figure 48. Metallography of ZrB_-TaB_: 10-90 Mole %.

Cracked (Zr, Ta)B_ Grains with Minute Traces of Another Boride
Phase at Grain Boundaries. (Polarized Light).




Figure 49. Metallography of HfBz-NbB,: 20-80 Mole % .

Cracked (Hf, Nb)B2 Grains. (Polarized Light).
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V. DISCUSSION

It is of interest to compare this system to the other group IV transition
metal boron systems.Zr-Hf—B(lz) and Ti-I—L‘.’-B(13 . The Ti-Zr-B system
more closely resembles the Zr-Hf-B system differing from it mostly in that
the a-p metal transition in the Ti-Zr-B system occurs at much lower tem-
peratures, and that a minimum in the melting occurs in the Ti-Zr-B ternary.
The system Ti-Hf-B differs from the Ti~-Zr-B system in that TiB and HfB
form a continuous series of solid solutions and thus the diborides in this system
are not in equilibrium with metal; whereas, in the system Ti-Zr-B, since ZrB
is not stable, a portion of the ternary diboride solid solution is in equilibrium
with metal. ‘

Results of this investigation show zirconium diboride to be more stable
than titanium diboride (since the tie lines in the two-phase areas point to the
Z rconium-rich side of the diboride solid solution). This is in agreement with

(

results in the literature 14) determined by other thermo-chemical means,
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